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Abstract: Red blood cells (RBCs) are known to be the most suitable cells to study oxidative
stress, which is implicated in the etiopathology of many human diseases. The goal of the
current study was to develop a new effective approach for assessing oxidative stress in human
living RBCs using two-photon microscopy. To mimic oxidative stress in human living RBCs,
an in vitro model was generated followed by two-photon microscopy imaging. The results
revealed that oxidative stress is clearly visible on the two-photon microscopy images of RBCs
under oxidative stress compared to no fluorescence in controls (P<0.0001). This novel
approach for oxidative stress investigation in human living RBCs could efficiently be applied
in clinical research and antioxidant compounds testing.
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1. Introduction

Oxidative stress plays a crucial role in the development and progression of pathological
conditions in age-related human diseases, such as diabetes, cancer, cardiovascular disorders,
rheumatoid arthritis, neurological diseases, ulcers, pneumonia, cataract, glaucoma and human
aging [1-3]. Among all the cells in the organism, erythrocytes or red blood cells (RBCs) are
one of the first cells affected by being continuously exposed to endogenous and exogenous
sources of reactive oxygen species (ROS) [4, 5]. On the other hand, the powerful antioxidant
capacity of the whole blood provided by non-enzymatic and enzymatic antioxidants is
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contained predominantly in circulating RBCs, which allows them to maintain the
oxidant/antioxidant balance in the organism [6]. However, different pathological conditions
may not only trigger uncontrolled ROS generation but also lead to the alterations in the RBCs
antioxidant enzyme activities and/or levels [7-9].

The above-mentioned circumstances show the benefits of studying oxidative stress in
RBCs in pathological conditions. In this regard, there is a huge amount of methodologies and
approaches for studying ROS in RBCs, that, however, are based on the measurement of either
the end product of oxidation proteins or lipids, or the antioxidant activity of the cells,
involving superoxide dismutase, catalase, glutathione, ceruloplasmin, xanthine oxidase, etc.,
and require the use of hemolysate of RBCs but not the cells themselves [10—13]. On the other
hand, over the last years, a vast array of techniques and approaches have been developed to
visualize RBCs [14—16], that however used fixed RBCs, the high resolution imaging of which
was difficult to achieve due to the approximate spherical shape and high flexibility of the cells
[14]. Chemical reactions that involve the generation of free radical compounds, form the basis
of the most widely used methods. Mechanistically, these methods work via a single electron
transfer reaction, such as the phosphomolybdenum method [17], a hydrogen atom transfer
reaction between an oxidant and a free radical, or by oxidative coupling between these two
species, such as the diphenyl-2-picrylhydrazyl hydrate (DPPHe) free radical assay [18].

Presently, two-photon microscopy is a powerful research tool for studying biological
function in living cells and tissues. It offers a number of advantages over conventional
imaging techniques, including increased imaging depths, reduced photodamage and highly
localized excitation to high-resolution photochemistry [19]. Nowadays, in terms of RBCs,
two-photon microscopy was used for optical trapping of RBCs [20], spatiotemporal dynamics
of RBCs in three-dimensional microvascular networks of the cerebral cortex in genetically
engineered rats [21].

In this paper, the results of the novel protocol development for the assessment of the
oxidative stress in human living erythrocytes using two-photon microscopy are presented.
The results open up new opportunities for real-time investigations of oxidative processes in
human living cells that will contribute to a deeper understanding of the role of oxidative
processes in pathomechanisms of various human diseases.

2. Materials and methods
2.1. Experimental design

Freshly isolated human living RBCs were subjected to H,O, exposure to mimic oxidative
stress. For optimization of the oxidative stress conditions 0.05%, 0.1%, 0.2%, 0.3%, 0.4% and
0.5% final peroxide concentrations were tested by the comparison of the data obtained upon
the two-photon microscopy imaging and in vitro hemolysis assays, and the optimal condition
was used for the main experiments. Two-photon microscopy imaging was performed by using
a fluorescent dye, 5(6)-carboxy-2',7'-dichlorofluorescein diacetate (carboxy-DCFDA).

2.2. Study subjects

A total of 20 healthy volunteers (mean age + SD: 30 + 9 years, females/ males: 10/10) from
the Institute of Molecular Biology NAS RA were enrolled in this study. All subjects were
healthy, active and living independently at home, reporting no serious medical disorder or
treatment during the past 12 months. The selection criteria excluded the subjects with chronic
inflammation and/or infectious diseases, present or past history of metabolic, cardio- and
cerebrovascular (diabetes mellitus, infarction, stroke, etc.), neuropsychiatric, immune system
and oncological disorders, any clinical signs and symptoms of anemia or other serious
medical conditions. All subjects gave their informed consent to participate in the study, which
was approved by the Ethical Committee of the Institute of Molecular Biology NAS RA (IRB
#00004079).
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2.3. Blood collection and erythrocyte isolation

Practically fasting blood samples (~2 ml each) were collected by venipuncture in EDTA
containing tubes using plastic syringe and relatively wide-bore needle according to the WHO
guidelines on drawing blood [22]. To isolate RBCs, immediately after blood collection the
blood samples (200 pl) were washed twice in isotonic saline solution (0.9% NaCl) and once
in isotonic phosphate-buffered saline (PBS; NaH2PO4:2H20 123 mmol/l, Na2HPO4 27
mmol/l, NaCl 123 mmol/l; pH 7.4) at 2000 g at 4°C for 5 minutes. The blood components,
plasma and buffy coat, were removed by aspiration after the first wash, leaving RBCs at the
bottom of the centrifuge tube. After the washing procedures, a suspension of RBCs was
prepared by adding PBS to the washed and aliquoted RBCs (RBC-PBS solution) to obtain 1
to 10 dilution [23].

2.4. Generation of an in vitro model of oxidative stress

The RBC-PBS suspension was used as the negative control for oxidative stress. In vitro
oxidative stress was generated by addition of peroxide to 40 ul of RBC-PBS solution (RBC-
PBS-H,0,). In the first step RBC-PBS-H,0, with 0.05%, 0.1%, 0.2%, 0.3%, 0.4% and 0.5%
final peroxide concentrations were obtained in order to find the optimal concentration of H,O,
causing oxidative stress in human living RBCs [24]. After the incubation at 37°C for 40
minutes, the samples were washed twice in PBS under the above described conditions.

2.5. Calculation of in vitro hemolysis of erythrocytes

To calculate the percentage of the hemolysis (%H) of the samples with intact RBCs and those
exposed to oxidative stress, 100% hemolysis was obtained by adding the same amount of
water. The absorption of hemoglobin was spectrophotometrically measured at 540 nm in
these three samples (the supernatant of the suspension of intact RBCs in PBS, the supernatant
of the suspension of RBCs exposed to oxidative stress and 100% hemolysed samples). The
percentage of the hemolysis was determined by using the following equation: %H = A/B x
100, where “A” is the absorbance of the supernatant and “B” is the absorption of the same
sample exposed to 100% hemolysis [25].

2.6. Imaging of oxidative stress in RBCs by two-photon laser scanning microscopy

For the detection of oxidative stress inside living cells, the intact RBC-PBS and RBC-PBS-
H,0, samples were treated with a ROS-sensitive membrane-permeable dye, 5(6)-carboxy-
2'7'-dichlorofluorescein diacetate (carboxy-DCFDA, Sigma-Aldrich Chemie GmbH,
Germany) fluorescent dye, most commonly used for detection of changes in redox state in a
cell [26-28]. While not excited, carboxy-DCFDA is colorless and nonfluorescent. However,
upon cleavage of two acetate groups by intracellular esterases and conversion to fluorescent
fluorophore, 5-(and-6)-carboxy-2',7'-dichlorofluorescein, it emits bright green fluorescence
proportional to ROS generation intensity. The key reason why carboxy-DCFDA was chosen
is because of the conformational rearrangements after the cleavage inside the cell it loses the
permeability and therefore remains within the cell. This feature allows using carboxy-
DCFDA as an indicator that can be measured in relatively wide time window [29]. Ten pl of
100 uM carboxy-DCFDA diluted in DMSO were added to each sample with the subsequent
incubation at 37°C for 30 minutes. After washing with PBS, the stained cells were
resuspended in 40 pl PBS and were immediately prepared for two-photon microscopy
imaging.

For two-photon microscopy imaging, a drop of this suspension (2 pl) from each sample
was pipetted on the center of a grease-free clean glass microscope slide and covered by a
coverslip. The slide was then transferred to the microscope. All measurements were made at
room temperature (20-22°C). Uniformly distributed carboxy-DCFDA fluorescence can be



Vol. 8, No. 12 | 1 Dec 2017 | BIOMEDICAL OPTICS EXPRESS 5839|
Biomedical Optics EXPRESS -~

detected in the cell cytoplasm only if a generation of oxidative stress, i.e. generation of ROS
occurs in there. All experiments were conducted in triplicate.

2.7. Laser source

The laser source used for the two-photon scanning fluorescence microscopy is a diode-
pumped Yb:KGW ultrafast oscillator (“t-pulse”, Amplitude Systems, France) available at the
AREAL facility [30, 31]. The laser generates a high-repetition-rate (50 MHz) train of
ultrashort (240 fs) pulses of quasi-monochromatic (~5 nm bandwidth) light at 1030 nm
wavelength. The output average power of the oscillator is 1.1 W (energy per pulse ~22 nJ)
which is too high for safe imaging of the samples. The power of the excitation is therefore
regulated using a PC-controlled power attenuation kit placed in the beam path to maintain
final power of 300 mW at the sample.

The uniformity of laser pulses was continuously controlled to maintain the same
excitation energy during the experiment.

2.8. Two-photon fluorescence laser scanning microscopy system

The two-photon laser scanning upright microscope (MOM- Movable Objective Microscope,
Sutter Instruments, USA) with 20 x water immersion objective and numerical aperture of 1.0
and 2.0 mm working distance was used to capture microscopy images of RBCs.

Beam splitter mounted into laser beam path allows to change laser power at the surface of
the samples in wide range (3-500 mW), which provides acquiring good contrast without
detectable morphological changes in RBCs during the time of the experiment (30—60 min).
The fluorescence of carboxy-DCFDA was detected using two-channel system with green
(Full Width at Half Maximum (FWHM): 70 nm; Maximum transmission: 525 nm; Average
transmission: 92%) filter and a photomultiplier (R6357; Hamamatsu Photonics Deutschland
GmbH, Herrsching, Germany) with 185 — 900 nm bandwidth.

For the spatial investigation, z-stack image analysis of cells was performed with 30-45
cross-sections for each field of view in AVI Movie format with the z-scanning depth of 12
um. The schematic representation of the experimental set-up and the transmission spectrum of
the filter are presented in Fig. 1.

M1 M2

—»Laser beam
—» Fluorescence light

450 500 550 600 650

XV.Z
Laser scanner

Objective B)

A) Sample

Fig. 1. A) The two-photon fluorescence laser scanning microscopy system scheme used to
capture microscopy images of RBCs: M1, M2, M3 — Mirrors; PC — Polarizing cube/beam
splitter; PM — Power measurement; BA — Beam adjustment mirror; DM — Dichroic mirror with
cutoff wavelength of 585 nm and average transmission of 90-95%; PMP1, PMP2 —
Photomultipliers; B) The transmission spectrum of the green filter used for the detection of
carboxy-DCFDA fluorescence.
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Before two-photon excitation of the cells their transmission images in the bright field was
collected using the halogen lamp illumination with blue filter. The cells within the bright field
were specified as targets for subsequent two-photon laser scanning. RBCs images were
obtained by x,y galvanometric scanner in standard (512x512 pixels; 3.05 fps frame rate) and
high-quality (1024x1024 pixels, 0.76 fps frame rate,) modes on 12 bits photomultiplier with
pixel clock of 1000 ns and magnification of 4 x . The images were false color coded for
display. Image capturing and processing was conducted by the MOM microscope and Image]
[32] software.

2.9. Image processing and data analysis

Image processing was performed using Fiji/lmage] software (Image] 1.501 NIH, Bethesda,
MD, USA) [32]. For the quantitative analysis of the cells fluorescence intensity in arbitrary
units (AU) the acquired images were converted to 8 bit grayscale images. Afterwards, raw
images were segmented by adaptive thresholding to facilitate automatic cell detection [33]. In
case of merged particles the “Binary” function and “Watershed” were used. The obtained
results were then analyzed using the “Particle Analyzer”. By using “Freehand selections”,
non-detected cells were added and artificial objects were removed from the ROI. The 0-255
normalized scale was used for the selected images, where 0 corresponds to the black and 255
to the white color. The image intensity was calculated as a sum of intensities of all the cells
from the ROI. Volume Viewer and 3D Viewer plugins were used for 3D deconvolution of
two-photon microscopy z-stack images of cells [34].

Statistical analysis was performed using “Graphpad Prism 3.03” (GraphPad Software Inc.,
USA). The paired Student #-test was used to compare two conditions (with and without
oxidative stress) using the original data. Groups’ statistics is presented in dot plot graph. The
95% confidence interval and Pearson’s value (P-value) were calculated to evaluate the effects
of any difference. P-values less than 0.05 were considered statistically significant.

3. Results
3.1. Selection of the optimal oxidative stress condition in RBCs

To find the optimal H,O, concentration that would cause the maximum oxidative stress to the
cells and at the same time minimally affect the cell integrity, we compared the percentage of
hemolysis of RBCs and the intensity of oxidative stress under different oxidative stress
conditions.

In vitro hemolysis of erythrocytes. The results of the analysis of in vitro hemolysis of
intact RBCs and those exposed to different conditions of oxidative stress with 0.05%, 0.1%,
0.2%, 0.3%, 0.4% and 0.5% H,0, concentrations are presented in Fig. 2. Our data indicated
the increase of peroxide induced hemolysis rate compared to intact cells in dose dependent
manner. For higher H,O, concentrations of 0.3%, 0.4% and 0.5%, the differences between the
intact RBCs and those exposed to oxidative stress became more apparent. However, the H,O,
concentrations of 0.4% and 0.5% seemed to have similar releasing profile, indicating that the
H,0, concentration reaches a saturation level after 0.3%. This suggested that the latter is the
optimal concentration to mimic oxidative stress in human living RBCs. Our data is in line
with other studies, reporting that H;O, concentrations more than 0.1 M inhibit the activity of
catalase in human RBCs [35-38]. Moreover, these high concentrations of chemical treatment
were shown to cause pronounced RBCs hemolysis which is in agreement with the known fact
that chemicals harden the cell, changing the membrane deformability. In this regard, the
decrease in deformability and increase in membrane stiffness in RBCs can be attributed to
oxidative stress [39—41] that in our case forms intensely fluorescent localizations of ROS
within the cell.
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Fig. 2. The percentage of RBCs hemolysis in different conditions of oxidative stress (0.05%,
0.1%, 0.2%, 0.3%, 0.4% and 0.5%).

Two-photon fluorescence imaging of human living erythrocytes. To confirm that 0.3% is
the most optimal condition for oxidative stress among the studied H,O, concentrations of
0.05%, 0.1%, 0.2%, 0.3%, 0.4% and 0.5%, the suspensions were further analyzed by two-
photon laser scanning fluorescence microscopy. On the two-photon microscopy images
presented in Fig. 3, and the Carboxy-DCFDA fluorescence intensities obtained from the
image processing and analysis of these images (Fig. 4) the same tendency of saturation level
after H,O, concentration 0.3% is obviously seen, which further confirmed that 0.3%
concentration of H,O, is the optimal condition to generate maximum oxidative stress in
human living RBCs in parallel with minimal induction of cell hemolysis. Therefore, this
concentration was further used in the core experiments.
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Fig. 3. Two-photon fluorescence intensity images of RBCs treated with different H,O,
concentrations.
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Fig. 4. Carboxy-DCFDA fluorescence intensities of the images presented in Fig. 3. Fluorescent
intensities are represented in arbitrary units (AU).

3.2. The study of oxidative stress in human living erythrocytes

Prior to the main experiments, imaging of intact RBC samples was performed to ensure the
presence of normal biconcave disk-shaped cells in samples. By the imaging of negative
samples (without oxidative stress or HyO,) we ensured that we have normal RBCs with a
shape of biconcave disk, but not crenated or spherical. Samples that initially demonstrated
changes in the RBC morphology (crenated or spherical) were not processed further. These
were 2 samples initially demonstrating crenated RBCs that were excluded (Fig. 5).
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Fig. 5. (A and B) Two-photon fluorescence intensity images of initially (before the H,O,
exposure) crenated and excluded RBCs samples treated with carboxy-DCFDA; 3D
deconvolution of two-photon microscopy z-stack images of crenated (C) and normal cells (D).
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To conduct an adequate and well-controlled study, that would exclude any possibility to
register autofluorescence of the cells instead of or together with the carboxy-DCFDA
fluorescence, the groups of intact RBCs and those exposed to oxidative stress were examined
with the following conditions: RBCs with and without carboxy-DCFDA in bright field and
RBCs with and without carboxy-DCFDA at 1030 nm. The results of the two-photon
fluorescence imaging of intact RBCs and those exposed to oxidative stress are presented in
Fig. 6.

1030 nm

~ Bright Field 1030 nm ‘ riht Field
100 pm 100 pm

Intact RBCs (SR

100
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=

RBCs RBCs RBCs+carboxy-DCFDA

Fig. 6. Two-photon fluorescence intensity images of intact RBCs and those exposed to
oxidative stress. The first row: images taken from the samples with intact RBCs (Fig. 6(A)-
6(D)), the second row: samples with RBCs exposed to oxidative stress (Fig. 6(A")-6(D")). A
and A") RBCs without carboxy-DCFDA in bright field; B and B") RBCs without carboxy-
DCFDA in two-photon excitation; C and C") RBCs with carboxy-DCFDA in bright field; D
and D’) RBCs with carboxy-DCFDA in two-photon excitation.

The oxidative stress is clearly visible on the two-photon fluorescence microscopic image
of RBCs with H,O, by the carboxy-DCFDA fluorescence uniformly distributed in the
cytoplasm of human living RBCs (Fig. 6(D")), representing abundant oxidative stress
processes in these cells. In contrast, no or little fluorescence was observed in controls with
intact RBCs (Fig. 6(D)) (only incubation with carboxy-DCFDA), representing the absence or
physiological generation of oxidative stress, respectively. Low fluorescence levels are
possible due to the balanced free radical formation in normal physiological conditions. The
human living RBCs (both intact and exposed to oxidative stress) neither with nor without
carboxy-DCFDA do not show any fluorescence on the optical microscopic images under the
excitation in bright field (Fig. 6(A), 6(A"), 6(C), 6(C")). Further, the human living RBCs
(both intact and exposed to oxidative stress) without carboxy-DCFDA do not show any
fluorescence on the two-photon fluorescence microscopic images as well (Fig. 6(B), 6(B")).
Figure 6(A)-6(C) and 6(A")-6(C") clearly confirm that the fluorescence observed in Fig. 6(D)
and 6(D") comes definitely from carboxy-DCFDA but not from the autofluorescence signals
coming from endogenous fluorophores of other intrinsic cellular compartments capable to
fluorescence.

The results of the quantitative analysis of the carboxy-DCFDA fluorescence intensities for
all stained samples revealed that the mean fluorescent intensities of the RBCs exposed to
oxidative stress are 1.3 times significantly (P < 0.0001) higher than those of the RBCs
without oxidative stress, thereby confirming the qualitative results (Fig. 7).
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Fig. 7. The mean values of carboxy-DCFDA fluorescence intensities in samples with intact
RBCs, RBCs with carboxy-DCFDA and RBCs with carboxy-DCFDA and H202. Each data
point represents the mean intensities of single images in triplicates. Overall, 180 images were
acquired (20 in each group; triplicate for each condition). In average, 30.7 + 13.15 and 35.8 +
14.12 (mean + SD) cells have been counted in the ROIs for RBCs with and without H202.

4. Discussion

In the present paper, we described two-photon laser scanning imaging approach for the
assessment of oxidative stress generated in vitro in human living RBCs. The RBCs freshly
isolated from the blood samples of healthy volunteers were used. To mimic an oxidative
stress in vivo event in RBCs we used hydrogen peroxide at a concentration causing oxidative
stress with the minimal hemolysis of the cells. The intensity of the oxidative processes in
RBCs was detected using carboxy-DCFDA membrane-permeable fluorescent dye and two-
photon laser scanning microscopy technique. To our knowledge, this is the first study
investigating the oxidative stress processes in living RBCs using two-photon microscopy
technique. In terms of applications, the study of oxidative stress in RBCs gives an opportunity
to know about the state of the antioxidant capacity of the organism. Accordingly, the
proposed approach can be very important not only in the studies of the etiopathomechanisms
of different diseases but also in the studies of the effects of different agents, drugs, extracts
and irradiation on RBCs.

Oxidative stress has been shown to be involved in the etiopathological mechanisms of
almost all pathological conditions (including inflammatory, autoimmune, cardiovascular and
neurodegenerative diseases, as well as cancer, diabetes, aging) and treatment types (radiation,
chemotherapy, etc.) [1-3, 42-44]. That makes the detection and measurement of ROS
generation a highly interesting and important task in the investigations of the etiopathological
processes of these diseased conditions in many basic, pre-clinical and clinical studies [27].
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ROS have very short half-lives, making these species excellent signaling molecules, but at
the same time complicating their detection. Nevertheless, in last decade, numerous methods
have been developed and are routinely used to evaluate ROS production [45-48], including
their detection using carboxy-DCFDA [27, 49].

It should be noted that the method of two-photon microscopy also has its prominent
importance among these approaches. Thus, this technique allowed de la Haba et al. [50] to
evaluate oxidative stress induced changes of the distribution of membrane fluidity in different
domains within the plasma membrane of macrophages using Laurdan. Moreover, multiphoton
imaging provided a direct observation of amyloid-B-related oxidative stress in senile plaques
in Alzheimer's models of living mice [51]. A very important field is the development of
molecular probes for two-photon fluorescence intensity imaging of biomarkers of oxidative
stress, such as fluorescent transition-metal complexes with different specific responsive
groups for detection of glutathione (GSH), hydrogen peroxide (H,0,) and hypochlorous acid
(HOCI) [52], two-photon pro-fluorescent nitroxides for the detection and imaging of ROS
[53], as well as for detection of oxidative stress-induced bright autofluorescent appearance
inside and around retinal pigment epithelial cells [49]. The non-invasive and sensitive label
free methods of two-photon microscopy have beneficially been used also for the
autofluorescent studies of the intrinsic signals coming from endogenous fluorophores, such as
autofluorescent metabolic products collagen, retinol, retinoic acid, porphyrin, autofluorescent
metabolic coenzymes, such as flavin adenine dinucleotide (FAD) and nicotinamide adenine
dinucleotide (NADH) [54, 55], autofluorescence of oxidized lipids [56].

However, there is still a demand for the development of sensitive methods for detection of
oxidative stress both in RBCs and in living cells. In this study, we have concentrated our
efforts on RBCs, since they may be considered mobile free radical scavengers due to their
ability to provide antioxidant protection not only to themselves but also to all the cells in the
organism they supply with oxygen [5, 57]. Moreover, RBCs are not widely used in the
investigations, because it is very hard to obtain them and keep in native state. Thus, enhanced
oxidative stress can be imaged in living RBCs by two-photon laser scanning microscopy
making this a potentially useful and reliable approach to track oxidative stress longitudinally
in the human living RBCs. Characteristically, the intentional, prolonged exposure to 1030 nm
excitation pulses for imaging over 15 minutes did not cause measurable photobleaching or
photodamage to the RBCs.

The possible limitation of the application of this approach can be the necessity to use
RBCs freshly isolated from blood samples. Also, there may be a need to change the optimal
concentration of H,O, to mimic the oxidative stress in living RBCs collected from other
populations, taken into account the antioxidant system specificities between different
populations.

With regard to the development prospective, experiments have to be done to obtain more
detailed imaging, providing the detection of oxidative processes on subcellular levels,
particularly, membrane, cytoplasm, organelle, etc. Moreover, the described approach can be
used not only for the detection of oxidative stress or ROS production in different pathological
conditions and oxidative stress mediated diseases, but can also be extended to other cell types
and tissue samples.

5. Conclusion

In conclusion, we demonstrated a novel approach for the investigation of oxidative stress in
human living RBCs that could efficiently be applied in clinical research and testing of
antioxidant compounds. Moreover, it was shown that two-photon laser scanning imaging is a
valuable tool for studying oxidative stress in living RBCs under oxidative stress related
different pathological conditions, including diseases, inflammatory processes, aging, effects
of different compounds and radiation exposure on the organism, etc.
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